Introduction
Acute spinal cord injury is still a devastating and often permanent condition of neurologic injury with many physical, psychological and social rami®cations. 1 Much research has focused recently upon analyzing the cellular and molecular components of acute spinal cord injury to better understand the processes that produce permanent neurologic injury. It has been con®rmed that two separate components combine to produce neurologic damage in acute spinal cord injury: the primary and secondary injuries. 2, 3 The primary mediators of spinal cord injury include the actual mechanical tissue disruption which causes cellular release of electrocytes, metabolites and lysozymes from injured neuronal tissues. 3 ± 5 This primary injury cascade is a passive process that occurs immediately following the traumatic event.
It is now commonly agreed that a secondary injury cascade follows which appears mediated by cellular and molecular processes working through complex mechanisms. 3 ± 7 Recent research has focused upon various secondary mediators of tissue injury including edema, in¯ammation, growth factors, ischemia, reperfusion, calcium complexes, superoxide radicals, and other reactive oxygen species. 8 ± 12 This complex secondary injury cascade appears to be actively mediated and has shown some promise for experimental manipulation in an attempt to improve the ultimate neurologic outcome in acute spinal cord injury. 2, 4, 13 Both the primary and secondary injury cascades ultimately produce cell death both in neuronal and supporting cell tissues. It is known that cell death can occur via two morphologically distinct pathways: necrotic and apoptotic. Necrotic cell death occurs following actual mechanical disruption of cells as well as from overwhelming cellular injury that may occur during the secondary injury cascade. This potentially renders the cellular membrane incompetent with subsequent cell swelling and lysis provoking a signi®cant in¯ammatory response. Necrotic cell death occurs without cellular control and thus occurs passively.
In contrast, apoptotic cell death is considered a physiological or programmed cell death that appears to be an actively regulated response by inducible cells to a speci®c inducing stimulus. 5,14 ± 18 The apoptotic cell stimulus may occur from the surrounding cellular environment, internal metabolism, developmental history, and/or its genome. Although necrotic cell death is a known consequence of the actual neuronal tissue damage occurring at the time of a traumatic spinal cord injury, it is unknown what part, if any, apoptotic cell death plays following acute spinal cord injury. However, the knowledge of apoptosis occurring following acute spinal cord injury could prove to be an important avenue for improved neuronal cell survival by blocking or limiting apoptotic cell death, which has been shown possible in a variety of tissues. 19, 20 Recently, the ability to accurately determine apoptotic cell death has become available using the TUNEL assay. This provides in situ labeling of internucleosomally degraded DNA which is the hallmark of apoptotic cell death. The purpose of this present investigation was to determine whether apoptotic cell death occurs in the zone of acute experimental spinal cord injury in the rat model and to determine the types of cells involved and the time course of occurrence. If apoptotic cell death can be shown to occur in acute spinal cord injury, this may provide potential treatment strategies to counteract apoptotic neuronal cell death and may prove important for maximizing neuronal cell survival following acute spinal cord injury.
Methods
Acute experimental spinal cord injury in the rat weightdrop model An acute spinal cord injury model was utilized in this experiment and has been described previously in our laboratory. 4 Sixteen, approximately 400 g, SpragueDawley adult rats were utilized for this experimentallyinduced acute spinal cord injury. The animal protocols were approved by the Washington University Animal Studies Committee (#92371). Following appropriate intraperitoneal ketamine anesthesia and sedation, the dorsal thoracic spine of the rat was shaved, surgically prepared and draped and a mid line incision was made near the apex of thoracic kyphosis. A two-level laminectomy was performed in this region to adequately expose the thoracic spinal cord. The rats were then administered a 350 g/cm injury (35 g weight drop at a height of 10 cm) to their spinal cord using the Allen weight-drop technique at room temperature in a manner previously published in our laboratory. 4 Immediately following the experimental injury, gross hemorrhage was visible beneath the dorsal surface of the dura. The rats were then awakened from anesthesia (except for those rats killed immediately following the injury ± time 0 rats), and noted to be completely paraplegic in their hind limbs and tails. The rats were then killed at 30 min, 4 h, 8 h, 12 h, 24 h, and 72 h following the spinal cord injury.
The spinal cords were then harvested, ®xed rapidly and iced in a 10%-neutral-buered formalin solution followed by Bouin's solution for 24 h, and then stored refrigerated in 70% ethanol until they were embedded in paran. The specimens were then adequately prepared for undergoing TUNEL assay analysis.
Technique of analyzing apoptotic cell death by the TUNEL assay The fundamental morphologic process occurring in apoptosis is DNA fragmentation. Large fragments of 300 kb and 50 kb DNA are ®rst produced by endonucleolytic degradation of higher-order chromatin structured organization. Endonucleolytic cleavage at this level causes the chromatin to undergo condensation while further endonuclease activity cleaves the chromatin at linker DNA sites between nucleosomes. The ultimate DNA fragments are multimers of approximately 100 bp nucleosomal units. The speci®c labeling target of the ApopTag plus (Oncor, Gaithersburg, Maryland) is the multitude of new preprime-OH DNA ends generated by the DNA fragmentation and typically found in morphologically distinct nuclei named apoptotic bodies. In contrast, normal or proliferative nuclei, which have relatively insigni®cant numbers of preprime-OH DNA ends do not stain with the Apop Tag plus label. Thus, visualization of in situ staining inside intact apoptotic nuclei and apoptotic bodies exactly correlates with the typical biochemical and morphologic characteristics seen in those cells undergoing apoptotic cell death.
The speci®c means to document apoptosis involves in situ labeling of internucleosomally degraded DNA. This involves the binding by terminal deoxynucletidyltransferase (TdT) of digoxigenin-dUTP to preprime-OH DNA ends generated by the internucleosomal degradation of DNA (noted as the TUNEL technique). Actual visualization of digoxigenin-labeled DNA occurs by direct immunoperoxidase reaction. (ApopTag, Oncor, Gaithersburg, Maryland). The ApopTag detection kit also includes two positive control slides as well as negative control sections that are run with every block. Sham staining is performed by substituting 16 ml of distilled water for TdT enzymes in the preparation of working strength of TdT, and continuing with the staining process. This control indicates whether endogenous peroxidase is present or has been adequately mitigated by the use of a quenching reaction.
Con®rmation of histologic chronology of apoptotic neuronal cell death following acute spinal cord injury Acute spinal cord injury tissue specimens were obtained at time 0, 30 min, 4 h, 8 h, 12 h, 24 h and 72 h following the acute experimental spinal cord injury. Serial axial and sagittal thin sections were prepared for all specimens using hematoxylin and eosin (H and E) staining for immunohistology. Standard light microscopy and dierential contrast interference light microscopy were utilized. Brown-colored intranucleosomal and intra-apoptotic body staining of the cells con®rmed the presence of apoptotic cell death in the tissues examined.
Results
The ApopTag detection analysis demonstrated a chronologically-speci®c apoptotic cell death occurring in the acute spinal cord injury rat model throughout both neuronal and supporting cellular tissues. As However, in the next time point examined, the time 4 h specimens, there was a marked level of apoptotic staining present seen on low and high power light microscopy ( Figure 3 (Figure 4) showed a similarly constant staining pattern of apoptotic cells, it was slightly less than the 4 h specimen which appeared to have the peak activity of apoptotic cells as seen on both low and high power magni®cation specimens. By time point 24 h post spinal cord injury, no discernable apoptotic activity was visualized, and this lack of staining was also noted at the time point 72 h following spinal cord injury (Figures 5 and 6) .
Thus, histologic analysis following the TUNEL assay speci®c for apoptotic cell death demonstrated a tightly regulated time course of occurrence. The absence of positive staining at time 0 and in the negative control specimens con®rms the absence of marked apoptotic cell death occurring in normal spinal cord tissue. Peak occurrence of apoptotic nuclear staining at 4 h, and to a slightly lesser extent 8 h, post acute spinal cord injury provides novel evidence for the occurrence of an apoptotic cell death mechanism inherent to the secondary injury cascade of acute spinal cord injury. The complete absence of apoptotic cell death at the immediate zone of spinal cord injury occurring at 24 and 72 h post injury reinforces the strict time dependence of neuronal and supporting cell apoptotic death and strongly suggests either an external or internal time dependent stimuli for initiation of apoptotic cell death following acute spinal cord injury.
We were able to demonstrate this time speci®city because of the unique labeling of the ApopTag peroxidase system. We used labeling to previously cleaved intranuclear DNA which can only occur during that time point between actual cleavage of the DNA and cell dissolution which occurs in a relatively quick and silent manner by surrounding macrophages. Thus, those cells previously undergoing apoptotic cell death at 4 ± 8 h, will not be stained at 24 h because the previously cleaved and apoptotically stainable DNA fragments have undergone sucient degradation that the TdT entity cannot attach to the free OH-DNA fragments. Thus, apoptotic cell death proceeds in an orderly fashion within a time dependent interval of cleaved DNA exposure for staining con®rmation of apoptosis.
Conclusions
This study documents the occurrence of apoptotic neuronal cell death resulting from an acute experimental spinal cord injury. This is in direct contrast to the previously accepted role of necrotic cell death which is quite morphologically and biochemically distinct from apoptotic cell death. Necrotic cell death occurs passively resulting from the actual tissue mechanical damage and resultant release of destructive lysozymes, ion¯uxes, and disturbed cell membranes producing an in¯ammatory response that has long been understood to be the sole component of neuronal tissue death and the ultimate clinical neurologic rami®cations of acute spinal cord injury.
In contradistinction to necrotic cell injury, apoptosis is associated with physiological or programmed cell death. 14, 15 Apoptosis is an actively regulated response which occurs following some inducible external or internal stimuli to various cells. There are a variety of morphological criteria which distinguish apoptotic from necrotic cell death. Apoptotic cell death occurs a single cell at a time, while necrotic cells normally die in groups. Although cell membranes may undergo blebbing during apoptotic cell death, they do not lose their structural integrity as do cells undergoing necrotic cell death. Cells undergoing apoptotic death actually shrink forming apoptotic cell bodies which contain the cleaved DNA which is stained on the TUNEL assay technique utilized to con®rm apoptosis in this study. In contrast, necrotic cells swell and lyse which insights a signi®cant in¯ammatory response. Thus, although both apoptotic cell bodies and necrotic cells may be phagocytosed by tissue macrophages, apoptotic cell bodies do not incite any type of The biochemical criteria for distinguishing apoptotic from necrotic cell death are also quite well established. Apoptotic cell death is induced by physiologic stimuli, either external or internal, while necrotic cell death arises from nonphysiologic disturbances, as in the actual tissue disruption following the 350 g/cm weightdrop performed on the spinal cord tissue in our model. Apoptotic cell death is a tightly regulated process with a sequence of activation steps that requires energy and speci®c macromolecular synthesis as well as de novo gene transcription. 21 This proceeds the nonrandom oligonucleosomal length DNA fragmentation which is the common ®nal pathway of eventual apoptotic cell death. In contrast, during necrotic cell death there is no energy requirements because there is no de novo gene transcription, and thus no new protein or nucleic acid synthesis which occurs. 1, 15 The cellular DNA is randomly digested following cell lysis by macrophages which are solicited following the in¯ammatory response.
We elected to use the TUNEL labeling technique to evaluate for the presence of apoptotic cell death following acute spinal cord injury because of the high sensitivity and speci®city of this technique. 22 Visualization of small percentages of stained apoptotic cells yields biologically signi®cant data that is often unobtainable by examination of histochemically stained tissue or by DNA ladder assays. The reason for this occurrence is that DNA fragmentation in apoptotic cells is followed by cell death and quick removal from the tissue in a`silent' fashion within several hours. Thus, the appearance of the characteristic apoptotic bodies is quite¯eeting, making assessment of apoptosis by cell morphology quite dicult. This is also why we did not see apoptotically stained cells at the 24 h and 72 h post-injury time points, even though the 4 h and 8 h specimens had such strong staining. Prompt removal of apoptotic cell bodies appears to proceed in an organized and ecient manner from adjacent other normal cells as well as by macrophages. 21 Apoptotic programmed cell death has been shown to occur in a variety of tissues and cellular systems including: the immature immune system, 14 embryonic development, in human atherosclerotic vascular lesions, 20 in human leukemia cells, 17 and in a variety of cancers including lymphoma, oral cancer and in during normal tissue turnover. 21 Although genes have been identi®ed which appear to regulate apoptosis, the essential biochemical events leading up to apoptotic cell death remain basically unknown. Recent research points to an interrelationship between the cell cycle, transformation and programmed cell death. Thus, apoptosis is considered to be an actively regulated response by inducible cells to a speci®c inducing stimulus, either external or internal. As an example, a variety of highly selective cytotoxic agents may induce apoptosis only in speci®c cells having relevant response pathways. The delineation of these stimuli as well as the inherent cellular pathways remain unknown.
The knowledge of apoptotic cell death occurring following acute spinal cord injury may provide for additional strategies to limit neuronal cell death and potentially improve neurologic function. Various antiapoptotic agents have been shown to limit apoptotic cell death and may therefore limit neural tissue death in the zone of spinal cord injury. 19, 23 One such anti-apoptotic agent, the oncogene Bcl-2, has already been shown to improve histologic survival following an acute experimental spinal cord injury in the rat model. 24 Bcl-2 overexpression was produced invivo following introduction of the Bcl-2 gene via a recombinant adenovirus vector prior to the same experimental spinal cord injury administered in this study. Bcl-2 appears to inhibit apoptotic cell death by regulating an antioxidant pathway that limits free radical generation. 11, 16, 25 The subsequent decrease in reactive oxygen species which are known to be detrimental to cellular function, may play an important role in the secondary injury cascade of spinal cord injury. 26, 27 Just prior to submission of this manuscript, a report con®rming apoptotic cell death following spinal cord injury in rats and monkeys was noted. 28 This report also utilized the TUNEL assay to document apoptotic DNA fragmentation following an acute, experimental spinal cord injury. These authors noted apoptotic nuclei present beginning at 6 h (vs 4 h in our study) and also noted apoptosis occurring away from the zone of spinal cord injury at 24 h and beyond (up to 3 weeks) post contusion. Thus, both studies agree on the time-dependent occurrence of apoptosis at the zone of spinal cord injury beginning at 4 ± 6 h post-injury and absent by 24 h. However, Crowe and associates also examined more distant sites where apoptosis was noted from 8 days to 3 weeks post-injury and thus may play an important role in the chronic demyelination process which occurs at more distant sites.
In this preliminary study, we documented a chronologically speci®c time course of apoptotic cell death occurring acute experimental spinal cord injury in the rat model. This may provided novel strategies to limit cell death in the zone of spinal cord injury by utilizing various anti-apoptotic agents such as the oncogene Bcl-2. Further investigation to more precisely quantify both neuronal and supportive cell apoptosis appears necessary and may aid in the development of neural protective strategies which combat apoptotic cell death.
